Soil structure depends on the association between mineral soil particles (sand, silt, and clay) and organic matter, in which aggregates of different size and stability are formed. Although the chemistry of organic materials, total microbial biomass, and different enzyme activities in different soil particle size fractions have been well studied, little information is available on the structure of microbial populations in microhabitats. In this study, topsoil samples of different fertilizer treatments of a long-term field experiment were analyzed. Size fractions of 200 to 63 m (fine sand fraction), 63 to 2 m (silt fraction), and 2 to 0.1 m (clay fraction) were obtained by a combination of low-energy sonication, wet sieving, and repeated centrifugation. Terminal restriction fragment length polymorphism analysis and cloning and sequencing of 16S rRNA genes were used to compare bacterial community structures in different particle size fractions. The microbial community structure was significantly affected by particle size, yielding higher diversity of microbes in small size fractions than in coarse size fractions. The higher biomass previously found in silt and clay fractions could be attributed to higher diversity rather than to better colonization of particular species. Low nutrient availability, protozoan grazing, and competition with fungal organisms may have been responsible for reduced diversities in larger size fractions. Furthermore, larger particle sizes were dominated by ␣-Proteobacteria, whereas high abundance and diversity of bacteria belonging to the Holophaga/Acidobacterium division were found in smaller size fractions. Although very contrasting organic amendments (green manure, animal manure, sewage sludge, and peat) were examined, our results demonstrated that the bacterial community structure was affected to a greater extent by the particle size fraction than by the kind of fertilizer applied. Therefore, our results demonstrate specific microbe-particle associations that are affected to only a small extent by external factors.
Soil structure depends on the association between mineral soil particles (sand, silt, and clay) and organic matter, in which aggregates of different size and stability are formed (54) . Mechanically resistant microaggregates (Ͻ250 m) evolve through interactions of primary particles with microorganisms, plant roots, fungal hyphae, polysaccharides, and humic materials. They build distinctly less stable macroaggregates (Ͼ250 m), which can be destroyed by changing the soil management (54) . This kind of aggregation is held together by a network of roots and hyphae (46) . The structural organization of soil particles provides a spatially heterogeneous habitat for microorganisms characterized by different substrate, nutrient, and oxygen concentrations and water contents as well as variable pH values (37) .
Different methods have been applied to study the distribution of organic matter and microbes in the soil matrix, such as electron microscopy (15) , repeated washing of soil aggregates (23) , and techniques based on physical soil fractionation (6, 27, 58) . Several studies have demonstrated that cell numbers and microbial biomass were most concentrated in the smaller size silt and clay fractions (27, 30, 32, 58) . Because the sizes of soil aggregates and soil pores correlate, microbial biomass is also mainly present in micropores (5 to 30 m) (3, 22, 36) . Furthermore, the activities of such soil enzymes as urease, invertase, and alkaline phosphatase were reported to be highest in the silt and clay fractions, whereas the activity of xylanase was found to be highest in the sand fraction (21, 31, 32, 51, 52) . The latter enzyme has been suggested to be an indicator of fungal activity (21, 32) . Fungal biomass has been demonstrated to be low in comparison with the bacterial biomass in grasslands as well as in an arable field (5, 23) , but fungi may play an important role in the initial breakdown of organic matter.
Soil microbial communities show extremely high phenotypic and genotypic diversities, DNA renaturation experiments suggested that there are 4 ϫ 10 3 to 7 ϫ 10 3 different genome equivalents per g of soil (55) . Microbial diversity has been addressed in several studies (4, 10, 14, 44, 45) ; less information, however, is available on the structure of microbial populations in microhabitats. For example, Gelsomino et al. (17) revealed in a preliminary experiment that similar bacterial types were distributed over soil aggregates of different sizes obtained by a wet sieving procedure. In addition, Kandeler et al. (32) recently demonstrated by phospholipid fatty acid analysis and by denaturating gradient gel electrophoresis of 16S rRNA genes that the microbial biomass within the clay fraction was mainly due to bacterial colonization. In contrast, a high percentage of fungally derived fatty acids were found in the coarse sand fraction, which was associated with the particulate organic matter. Although these publications gave initial insight into the structure of the microbial community of these specific microhabitats, it is not well understood whether organic matter quality and/or particle size regulates the distribution of specific microbial populations in different particle size fractions.
The aim of the present study was to test whether the microbial population structure responds to changes in the quality of the organic substrates in particle size fractions obtained from soils of a long-ferm fertilizer experiment in Ultuna, Sweden. A physical fractionation procedure following low-energy sonication (51) was combined with analysis of microbial communities in different particle size fractions. DNA-based methods were used because most bacteria found in natural environments are not accessible to cultivation (2) . The 16S rRNA gene has become a frequently employed phylogenetic marker to describe microbial diversity in soils without the need of cultivation (10, 14, 49) . Terminal restriction length polymorphism (T-RFLP) analysis (7, 11, 38, 47, 50) and cloning and sequencing of 16S rRNA genes were applied to analyze bacterial diversity. Data on the nutrient turnover and soil organic matter fractions and changes in physical soil properties and enzyme activities of this long-term field experiment have been published previously (18-21, 35, 36) .
MATERIALS AND METHODS
Site and samples. Topsoil samples (to a depth of 0 to 20 cm) were taken from the Ultuna long-term field experiment in autumn 1998. A complete compilation of the experiment and the data can be found in the report by Kirchmann et al. (34) . The experiment started in 1956, and at that time, the soil (to a depth of 0 to 20 cm) had 15 g of organic carbon kg Ϫ1 , 1.7 g of nitrogen kg
Ϫ1
, and a pH of 6.6. The experiment tests 14 treatments, each of which was replicated four times in a randomized block design. In this study, samples from seven treatments were analyzed: continuous bare fallow; NoN, plots did not receive nitrogen fertilizers; Ca(NO 3 ) 2 (with 80 kg of N ha Ϫ1 year
); GM, green manure; AM, well-decomposed animal manure; peat; and SS, sewage sludge. Organic amendments were analyzed before application, and equal amounts of organic matter (2,000 kg of Ca(NO 3 ) 2 ha Ϫ1 year
) were added in 1956, 1960, and 1963 and thereafter were added every second year by hand. In addition, plots received 20 kg of P ha Ϫ1 as superphosphate and 35 to 38 kg of K ha Ϫ1 as potassium chloride annually in the spring. Cereals, rape crops, and fodder beet were grown alternately.
Fractionation procedure. The size fractionation procedure is based on the method of Jocteur Monrozier et al. (27) and was performed with sieved samples (Յ2 mm) as described in detail by Stemmer et al. (51) . Essentially, the soil-water suspension was dispersed by low-energy sonication (output energy of 0.2 kJ g Ϫ1 ) and subsequently fractionated by a combination of wet sieving and repeated centrifugation to avoid disruption of microaggregates. Particle size fractions of 200 to 63 m (fine sand fraction), 63 to 2 m (silt fraction), and 2 to 0.1 m (clay fraction) were obtained without the addition of a flocculant. The fraction samples were freeze-dried.
DNA isolation. For the isolation of DNA, the protocol described by van Elsas and Smalla (57) was slightly modified. Freeze-dried soil (0.3 to 1.0 g) and 0.38 g of lysozyme were resuspended in 0.75 ml of 0.12 M sodium phosphate buffer (pH 8.0), and this mixture was incubated at 37°C for 15 min. After the samples had been cooled on ice, 750 mg of acid-washed glass beads (Sigma; 0.09 to 0.13 mm) was added, and bead beating was performed three times for 90 s at full speed in a mixer mill (type MM2000; 220 V, 50 Hz; Retsch GmbH & Co. KG, Haam, Germany) with intervals of 30 s. Sodium dodecyl sulfate (45 l of a 20% solution) was added, and the mixture was incubated at room temperature for 15 min. Subsequently, 1 volume of phenol was added, and the mixture was mixed and centrifuged for 5 min at 10,000 ϫ g. The organic phase was extracted again with 0.12 M sodium phosphate solution, and aqueous phases were pooled and extracted with 1 volume of chloroform. After centrifugation for 5 min at 10,000 ϫ g, 0.1 volume of 5 M potassium acetate was added to the aqueous phase, and humic acids were precipitated for 15 min at room temperature. Samples were then centrifuged for 5 min at 10,000 ϫ g, and the supernatant was amended with 0.1 volume of 5 M NaCl and 0.7 volume of isopropanol and incubated for 30 min at Ϫ80°C in order to precipitate DNA. DNA was obtained by centrifugation for 10 min at 10,000 ϫ g, and the resulting pellet was washed with 70% ethanol, dried, and resuspended in 80 l of TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). For further purification, spin columns that contained Sepharose CL-6B (Pharmacia) and polyvinylpyrrolidone (20 mg of Sepharose CL-6B ml
) were prepared. In most cases, passage through two columns was needed to remove all PCR-inhibiting substances.
T-RFLP analysis. The eubacterial primers 8f (59) , labeled at the 5Ј end with 6-carboxyfluorescein (6-Fam; MWG), and 518r (38) were used to amplify approximately 530 bp of the 16S rRNA gene. The reactions were carried out with a PTC-100 thermocycler (MJ Research, Inc.), applying an initial denaturation step of 5 min at 95°C followed by 35 a Means within one column that are not significantly different from each other at P ϭ 0.05 are followed by the same letters.
b The pH of bulk soil samples was 6.6 in 1956 and decreased distinctly in the peat-and SS-treated plots. The pH values measured were 6.3, 6.5, 6.9, 6.3, 6.7, 5.8, and 5.8 for fallow, NoN, Ca(NO 3 ) 2 , GM, AM, SS, and peat, respectively. This effect has already been discussed by Kirchmann et al. (36) . HhaI yielded a higher number of terminal restriction fragments (T-RFs) than other enzymes. Aliquots (1 l) were mixed with 0.16 l of deionized formamide, 0.83 l of loading buffer (Perkin-Elmer), and 0.3 l of DNA fragment length standard (Genescan 500 Rox; Perkin-Elmer). The reaction mixtures were denatured at 92°C for 2 min and chilled on ice prior to electrophoresis. Samples (1.5 l) were run on 5% denaturing polyacrylamide gels, and the fluorescently labeled terminal restriction sizes were analyzed with an ABI 373A automated DNA sequencer (PE Applied Biosystems, Inc., Foster City, Calif.). The lengths of the labeled fragments were determined by comparison with the internal standard.
Analysis of T-RF profiles. T-RF peaks between 35 and 500 bp and peak heights of Յ50 fluorescence units were included in the analysis according to the range of the size marker. Generally, the error for determining fragment sizes with our automated DNA sequencer was less than 1 bp; however, in some cases, a higher variation was found. Therefore, T-RFs that differed by less than 1.5 bp were clustered, unless individual peaks were detected in a reproducible manner. Three replicate samples of all treatments and particle sizes either were analyzed individually, or a representative sample profile was determined in a similar way as suggested by Dunbar et al. (12) . Essentially, the sum of peak heights in each replicate profile was calculated, indicating the total DNA quantity. Total fluorescence was adjusted to the medium DNA quantity by calculating a correction factor. For example, three replicate profiles had total fluorescence values of 4,500, 4,700, and 4,900, and then each peak in the latter profile was multiplied with a factor of 0.96 (i.e., the quotient of 4,700/4,900), and peaks in the first profile were multiplied with a factor of 1.04 (i.e., a quotient of 4,700/4,500). After adjustment, only peaks of Ն50 fluorescence units were considered. In addition, T-RFs were scored as positive only when they were present in at least two of three replicates.
In order to determine similarities between T-RFLP profiles, a binary matrix that recorded the absence and presence of aligned fragments was generated. Estimation of genetic distances as suggested by Nei and Li (43) in combination with the UPGMA (unweighted pair group with mathematical averages) method was used to compare T-RFLP fingerprints. For analysis and tree generation (based on 100 bootstrap replications), the TREECON software package (56) was applied. 
a Particle size fractions: s, sand; si, silt; c, clay. ᮀ, 50 to 99 fluorescence units; s, 100 to 149 fluorescence units; OE, Ͼ149 fluorescence units.
Small-subunit rDNA clone libraries. DNA isolated from the clay fraction of the AM treatment was used to create a 16S ribosomal DNA (rDNA) clone library. 16S rRNA genes were amplified by PCR with the primer 8f (59) under the PCR conditions (59) described above. PCR amplicons approximately 1,500 bp long were ligated into the pGEM-T plasmid vector (Promega) and transformed into Escherichia coli DH5␣ competent cells. After overnight transformation, single-cell colonies were transferred into 1.5-ml Eppendorf tubes containing 80 l of TE buffer. Tubes were heated for 10 min at 95°C to lyse cells, chilled on ice, and centrifuged for 2 min at 13,000 rpm. Supernatants were used in subsequent PCRs.
Sequencing of PCR products from cloned inserts. Insert sequences were amplified by PCR, applying a denaturation step of 5 min at 95°C followed by 30 cycles of 30 s at 95°C, 1 min of annealing at 50°C, and 2 min of extension at 72°C. The PCR mixtures (50 l) contained 1ϫ reaction buffer (Gibco, BRL); 200 M (each) dATP, dCTP, dGTP, and dTTP; 0.15 M (each) primers M13for and M13rev; 2.5 U of Taq DNA polymerase (Gibco, BRL); and 1 l of supernatant obtained after lysis of transformants. PCR products were purified with the NucleoTraPCR kit (Macheroy-Nagel) according to the manufacturer's instructions and used as a template in sequencing reactions. DNA sequencing was performed with an ABI 373A automated DNA sequencer (PE Applied Biosystems, Inc., Foster City, Calif.) and the ABI PRISM Big Dye terminator cycle sequencing kit (Perkin-Elmer).
Phylogenetic analysis. Sequences were subjected to a BLAST analysis (1) with the National Center for Biotechnology Information (NCBI) database and were compared with sequences available in the Ribosomal Database Project (RDP) (41) . Alignments with related sequences were done with the Multalin alignment tool available on the web (http://www.toulouse.inra.fr/multalin.html) (9). The TREECON software package (56) was used to calculate distance matrices by the Jukes and Cantor algorthim (28) and to generate phylogenetic trees according to nearest-neighbor criteria.
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the NCBI database under accession no. AF388312 to AF388362.
RESULTS
T-RFLP analysis. Bacterial population structures in different particle size fractions of a long-term field experiment receiving different fertilizer amendments were determined by T-RFLP analysis (Fig. 1) . Replicates showed a certain degree of variation; however, they grouped together when all profiles were compared. A total of 55 T-RFs were detected, and because some fragments were only present in individual replicates, the total number of T-RFs found in the representative sample profiles decreased to 43. The number of T-RFs in individual sample profiles ranged from 7 (fallow and peat, sand fraction) to 26 (AM, clay fraction) ( Table 1) . In all treatments, the bacterial diversity was lowest in the sand fractions and highest in the clay fractions. The only exception was the treatment with peat as an organic amendment, in which the highest number of T-RFs was found in the silt fraction (Table 1) . Treatments involving amendments of GM and AM showed higher diversities, particularly in clay size fractions, than treatments without organic amendments. Additionally, the sand fraction of the GM treatment exhibited an unusually high diversity compared to the sand fractions of other treatments. Some fragments present in several treatments showed far greater fluorescence signals in samples of the GM treatment.
Most T-RFs that were detected in sand particles showed intensive fluorescence signals and comprised fragment sizes of 39, 60, 62, 66, 81, 194, 197, 205, 208, 212, 223, 228, 231, 253, 290, 294, 297, 304 , and 379 bp ( Table 2 and Fig. 1 ). Only three T-RFs with sizes of 197 bp (GM), 253 bp (GM and AM), and 290 bp (GM, AM, and SS) were found exclusively in the sand fraction. Most T-RFs detected in the sand fraction colonized silt and clay particles equally well (Table 2) . A large number of T-RFs was detected in silt and clay fractions but not in sand particles (Table 2) . Bacteria with T-RF sizes of 76 and 311 bp (both fallow) colonized only silt fractions, and various T-RFs were found exclusively in clay particles. These included sizes of 140 bp (GM, AM, and SS), 233 bp (fallow, NoN), 242 bp [fallow, NoN, Ca(NO 3 ) 2 , GM, and AM], 284 bp (GM and AM), 332 bp (NoN,GM, AM, and peat), 404 bp (peat), 409 bp (SS), and 476 bp (SS). Few treatment-specific T-RFs were found. The treatment with SS as fertilizer showed a strong 205-bp peak in all particle sizes, but lacked fragments of 101, 220, 262, and 329 bp that were found in all other treatments. Furthermore, T-RFs of 95, 236, and 242 bp were detected in b Accession numbers of closest database matches are given in parentheses. c The tentative phylogenetic placement was determined by using the Sequence Match option in the RDP.
neither the peat treatment nor the SS treatment, despite their abundance in other treatments (Table 2) . T-RFs with sizes of 228, 231, and 294 bp were found in several treatments, but were enriched when GM was applied as fertilizer. Cluster analysis revealed high similarity of bacterial populations located in the sand fractions of all treatments; only the community structure of the treatment that received SS was not represented in that cluster (Fig. 2) . The cluster that comprised sand microbial communities also included the bacteria found in the silt fraction of the treatment without nitrogen application. The second cluster comprised bacterial communities inhabiting the silt and clay fractions. Bacterial communities of the SS treatment were quite distinct compared to other treatments and showed high similarities in the silt and clay fractions.
Sequence analysis and phylogenetic assignment. Partial sequence information was obtained for 51 16S rRNA genes covering approximately 500 bp derived from the clay size fraction of the AM treatment that showed highest diversity in the T-RFLP analysis. Twenty-four sequences showed high similarity to RDP database entries (similarity score [S ab ] values Ͼ 0.8) (Table 3) , and 30 sequences showed at least 95% similarity to known sequences deposited in the NCBI database. The remaining sequences were only moderately related (90 to 94% similarity) to known 16S rRNA genes and represented members of yet undescribed bacterial divisions, deeply branching members of described divisions, or chimeric sequences. Phylogenetic analysis revealed that clones were not evenly distributed among different bacterial divisions. Bacteria belonging to the Holophaga/Acidobacterium division accounted for 37% of FIG. 3 . Neighbor-joining phylogenetic tree based on 382 nucleotides of the 16S rRNA gene of clones showing highest similarity with bacteria belonging to the Holophaga/Acidobacterium division. Sequences obtained in this study are printed in boldface letters. The percentages of 100 bootstrap replicates are shown at the left nodes when at least 50%. The tree demonstrates the tremendous diversity of clones belonging to this group rather than definitive phylogenetic relationships. The accession numbers of the 16S rDNA sequences used are AF337850 (D99), AF013527 (C028), Z95735 (mb2430), Y12597 (DA008), AJ232842 (LRS25), Z95728 (iii1-15), Z95725 (ii3-15), AF078262 (saf2 414), Z95721 (RB40), AB015560 (BD4-10), AJ009461 (SJA-36), AB013269 (NKB17), D26171 (Acidobacterium capsulatum), X77215 (Holophaga foetida), and U41563 (Geothrix fermentans). AF155147 (Alcaligenes faecalis) was used as an outgroup.
the clones examined, whereas 27% could be classified as high-GϩC or low-GϩC gram-positives. The remaining clones belonged to the ␣-, ␥-, and ␦-Proteobacteria (18%), Verrucomicrobiales (12%), the Flexibacter/Cytophaga/Bacteroides division (4%), and Planctomycetales (2%). A phylogenetic tree comprising the three cultured members of the Holophaga/Acidobacterium cluster, sequences obtained in this study, and other environmental clones is depicted in Fig. 3 . Because this a Was detected in the T-RFLP profile of the AM clay fraction, but was lost during the normalization procedure. b Was not found in the T-RFLP profile of the AM clay fraction. c Was not detected in any T-RFLP profile.
tree is based only on partial sequences, it demonstrates the tremendous diversity of bacteria belonging to the Holophaga/ Acidobacterium division rather than definitive phylogenetic relationships.
All theoretical HaeIII-HhaI T-RFs of sequenced clones were found in community T-RFLP profiles. The only exception was a theoretical T-RF size of 132 bp that was not detected in the T-RFLP analysis. Several sequences showed identical T-RF sizes (Table 4) . A relationship between phylogeny and location in soil was found. Some bacterial groups such as the Holophaga/Acidobacterium division and most Prosthecobacter members were mainly present in smaller size fractions (silt and clay), whereas Proteobacteria were evenly distributed in all fractions (Table 4) .
DISCUSSION
Association of bacteria with soil particles. Several studies reported a higher microbial biomass in smaller size fractions (27, 30, 32, 58) . Our results clearly demonstrated that not only biomass, but also bacterial community structure, was significantly affected by particle size and that smaller size fractions host higher diversities of microbes than larger size particles. The higher biomass in silt and clay fractions could be attributed to a higher diversity rather than to better colonization by particular species. This was demonstrated by comparable fluorescence intensities of several T-RF peaks in all fractions.
It has been suggested that finer size particles provide a protective habitat for microorganisms through pore size exclusion of predators (protozoa) (13, 48) . Recently, it was demonstrated that the predation regimen could act as a major structuring force for the bacterial community composition in an aquatic system (29) . In that study, bacteria belonging to the ␣ and ␥ subdivisions of the Proteobacteria proved to be grazing resistant, mainly due to the formation of 3-to 6-m rods, which probably exceeded the size of bacteria edible by protozoa. In addition, filamentous bacteria belonging to the ␤-Proteobacteria and to the Cytophaga-Flavobacterium cluster proved to resist grazing. Furthermore, partial protection of Rhizobium leguminosarum from protozoan grazing in soil due to the addition of bentonite clay was observed (26) . In our experiment, microfaunal predation may have represented a selective pressure on the community structure in sand fractions. Because the most abundant T-RFs (39, 81, and 194 bp) were derived mainly from ␣-Proteobacteria, we assume that resistance to grazing may explain the great abundance of some bacterial groups in sand particles.
Alternatively, higher nutrient availability in smaller size particles may have caused higher bacterial diversities. According to van Gestel et al. (58) , the vicinity between microbes, organic matter, and clay is required for the survival of microbes, in which organic matter and clay particles provide substrates and nutrients. The enrichment of organic matter and microbial biomass in finer fractions seems to be a consequence of aggregate formation along with the decomposition of particulate organic matter (36) . Therefore, T-RFs found in the sand fraction may represent bacterial species being better adapted to limited nutrient conditions or possessing the capacity to utilize a wider range of substrates. They may be able to degrade high-molecular-weight organic molecules derived from the initial breakdown of plant material. Phylogenetic assignment of sequenced 16S rRNA genes indicated a great abundance of ␣-Proteobacteria, such as Sphingomonas (T-RF of 81 bp), and bacteria belonging to the Rhizobium-Agrobacterium group (T-RF of 195 bp). Some members of the ␣-Proteobacteria utilize a wide range of substrates, and the genus Sphingomonas is particularly known for its ability to degrade aromatic compounds (16, 33) . Because sand size particles seem to be preferentially colonized by fungi (32), many bacteria were probably outcompeted by eukaryotic organisms in this fraction. It is further assumed that community composition was affected by the oxygen concentration. Sequence analysis indicated the presence of aerobic bacteria, as well as strict anaerobes such as clostridia, in clay particles, suggesting that particles with sizes smaller than 2 m provided a niche for aerobes as well as for anaerobes, whereas larger particle sizes were dominated by aerobic microbes. Recently, the development of biofilms in soils consisting of a dense lawn of clay aggregates containing one or more bacteria, phyllosilicates, and grains of iron oxides was observed (40) . Clay particles were held together by an extracellular polysaccharide matrix and were arranged as hutches that served as housing for microbes. These "clay hutches" have been proposed to represent a minimal nutritional sphere for autochthonous bacteria and may at least partly explain the higher microbial diversity in clay size particles.
The Holophaga/Acidobacterium division was the most abundant and diverse group among analyzed clones obtained from the clay fraction of the AM treatment. This bacterial group was also dominant in other soils (4, 10, 39) . In this study, members of the Holophaga/Acidobacterium division mainly colonized silt and clay fractions. Because this phylum includes Holophaga foetida, Geothrix fermetans, and Acidobacterium capsulatum as the only cultivated species so far, very little information on the role of these microbes in natural environments is available. In addition, members of the Verrucomicrobiales, showing highest similarity to the genus Prosthecobacter, were found mainly in silt and clay fractions. One characteristic of this genus is the formation of prosthecae, which consist of narrow, cytoplasmcontaining extensions of the cell wall. They confer several advantages to aerobic heterotrophic bacteria, such as enhanced respiration and nutrient uptake, as well as improved attachment to solid substrates (25) . Furthermore, the known members of the genus Prosthecobacter utilize only a narrow range of carbohydrates as their sole carbon source (25) , which may explain their location in smaller size fractions.
Response of bacteria in particle size fractions to organic amendments. In previous studies, the effects of the different treatments in the long-term field experiment in Ultuna were shown to vary significantly with respect to organic matter turnover (19, 21) . The specific layout of the experiment, relating manure applications to equal amounts of organic carbon, allows a direct comparison of treatments with respect to breakdown of organic matter by soil organisms. Referring to carbon turnover, treatments could be ranked by decreasing digestibility: GM Ͼ AM Ͼ SS Ͼ peat. Particularly the latter two treatments showed a considerable accumulation of organic carbon (C org ). For peat, it was demonstrated that turnover is slow, and therefore C org derived from peat has accumulated in soil. This finding was supported by the large amounts of C org derived from peat in the silt fraction compared to those in clay size particles (21) . Our results of the microbial population analysis reflect what has been reported for C org turnover. In general, diversities were highest in soils treated with GM and AM and lowest in soils that received no or inorganic fertilizers and thus corresponded to the digestibility of the fertilizer applied. Amendments with SS and peat as fertilizer resulted in quite unique bacterial population structures that were due to different compositions rather than to increased or decreased diversities. Both treatments exhibited very low pH values (pH 5.8), which were probably responsible for some community changes. Soils amended with peat were also characterized by a high C/N ratio. Some T-RFs were not detected in soils amended with SS and peat despite their presence in other treatments. They included members of the Holophaga/Acidobacterium division (95, 236, and 242 bp), Prosthecobacter (236 bp), or low GϩC gram-positives (242 bp). These bacteria may not have been able to withstand the acidic environment. Other bacteria belonging to the Holophaga/Acidobacterium division and the genus Prosthecobacter were able to colonize most treatments, except soils containing SS. The sensitivity of some microbial groups to the generally high heavy metal content of SS may explain this finding. The high abundance of a bacterial group with a T-RF of 205 bp in SS-treated soils was striking. Two clones with a matching T-RF were found: one fell into the Holophaga/Acidobacterium division, whereas the other showed the highest similarity to Proteobacteria. The high diversity of bacteria in sand size particles of soils amended with GM may have been responsible for the fast turnover of organic matter. In addition, a particularly high abundance of some gram-positive bacterial species, including Arthrobacter globiformis and Bacillus species, was found in the GM treatment.
Conclusions. Community analysis by T-RFLP of 16S rRNA genes proved to be a highly suitable and sensitive tool with which to investigate the microbial community structures in different particle size fractions and treatments. Three normalized replicate samples of each fraction and treatment showed comparable population profiles and grouped well in a cluster analysis. Quantitative T-RFLP analysis has to be treated with caution due to biases inherent to PCR amplification (53) and variations in the copy number of the 16S rRNA gene in different bacterial species (8) . However, with awareness of these limitations, T-RFLP analysis can be used for a semiquantitative analysis of bacterial community structures (12, 47) . In this experiment, the microbial composition was mainly affected by the particle size fraction and did respond to a lesser extent to organic amendments. Therefore, our results demonstrate specific microbe-particle associations that are affected to a smaller extent by external factors such as fertilization or heavy metal pollution (32) . Knowledge of the microbial community structure represents a first step toward understanding soil function in response to the environment. In addition to community structure, the analysis of functional genes within a given population will greatly increase our comprehension of the role of bacteria in soil processes important for geochemical dynamics of elements, specifically carbon, nitrogen, and sulfur.
